The determination of aldehydes is of great importance in the fields of environmental studies and food analysis, because they are known irritants and possible carcinogens. In particular, formaldehyde is an important industrial chemical for manufacturing resins, tooth pastes, air freshners, and adhesives. Furthermore, the widespread use of formaldehyde in building materials has given rise to concentrations of formaldehyde in indoor air. Similarly, a rapid and selective analysis for acetaldehyde is also needed for food chemistry, because it is produced during fermentation from pyruvic acid by the action of pyruvate carboxylase. The acetaldehyde content in such foods (wine, beer, yogurt, etc.) affects their qualities, and an excess diet of acetaldehyde affects human health.
NADH produced is stoichimetric with the amount of aldehydes, and can usually be determined by monitoring its absorbance at 340 nm. However, this method can not be applied to colored samples.
Many research groups have proposed non-biological sensors based on the use of semiconductors 7 and a piezoelectric crystal 8 or an enzyme sensor based on the use of a pH-sensitive fieldeffect transistor 9 as a transducer. However, the drawbacks of such sensors are a lack of selectivity and sensitivity for the detection of aldehydes at low concentration levels. In contrast, FDH or ADH the preparation of electrode-based aldehyde sensors 10, 11 is typically simple, low in cost, and fairly high in sensitivity. The direct amperometric detection of NADH produced by the action of dehydrogenases is possible, but a high potential (> 0.8 V vs. Ag/AgCl) must be applied and other compounds can be oxidized at such a potential.
Another approach is the electrocatalytic oxidation of NADH using mediators, such as Meldola's blue 12 and phenazine methosulfate, 13 in which the NADH oxidation potential is lowered. However, this is limited by their low stability and slow response.
Recently, combining the role of enzyme immobilization and electron-transfer mediation into a redox polymer, POs-EA, 14 has been demonstrated for the preparation of enzyme sensors for glucose, 15, 16 hydrogen peroxide, 17 L-lactic acid, 18 etc. In the redox polymer POs-EA, the mediator redox couple, Os(2,2′-bipyridine)Cl +/2+ , is non-diffusing, and it is known that electron transport occurs by electron hopping. 19 The use of a nondiffusing mediator has an advantage compared to that of a soluble mediator: the mediator is prevented from leaching out of the sensor membrane.
In this work, we used the combination of a cross-linked membrane of a redox polymer, POs-EA, and a cross-linked enzyme membrane to fabricate aldehyde biosensors. Two kinds of enzymes, FDH from Pseudomonas sp. and ADH from baker yeast, were used, because they exhibited a difference in the reaction selectivity for a variety of aldehydes. The analytical performances of the completed aldehyde biosensors were compared, particularly concerning the substrate selectivity within a group of aldehydes and the sensor sensitivity.
Experimental
Materials FDH (5.27 U mg -1 of solid from Pseudomonas sp.) was obtained from Toyobo, and ADH (1.4 U mg -1 of solid from baker yeast) and bovine serum albumin (BSA) from Sigma.
Nicotinamide adenine dinucleotides (NAD + , oxidized form; NADH, reduced form) were obtained from Oriental Yeast and formaldehyde, acetaldehyde, propionaldehyde, butylaldehyde, pyruvic aldehyde, and glutaraldehyde were from Wako. Poly-(ethylene glycol 400 diglycidyl ether) (PEGDGE) was purchased from Polyciences. They were used as received. All other chemicals were of analytical reagent grade. Distilled water, purified using a Millipore Milli-Q system (Nippon Millipore), was used throughout.
The redox polymer (POs-EA) used was poly(4-vinylpyridine) modified by the partial complexing of pyridines with Os(2,2′-pyridine)Cl +/2+ and partial quaternization of the residual pyridines with bromoethyl amine. This cross-linkable redox polymer was synthesized according to published procedures. 14 
Preparations of a redox-polymer modified electrode and aldehyde biosensors
Prior to a redox polymer coating, a glassy carbon (GC) disk electrode (5 mm in diameter) was first polished with 1 µm diamond particles (BAS), and then 0.05 µm alumina particles (BAS). An inner NADH sensing layer was constructed by crosslinking the redox polymer (Pos-EA) with PEGDGE on the same end of the GC electrode. The method was as follows. An 80 µl portion of a 5 mg ml -1 Pos-EA and 30 µl of 2 mg ml -1 PEGDGE were mixed well. A polished electrode was coated with 5 µl of the resulting solution. The film was allowed to form for 32 h at room temperature, open to the air. The electrode was then washed with distilled water and allowed to dry.
Enzyme electrodes were then constructed by cross-linking the FDH or ADH and BSA with glutaraldehyde on the redox polymer-coated surface of the electrode. The method was similar to that described previously, 20 and was as follows. FDH (1.5 mg solid: 7.9 U) or ADH (1.5 mg solid: 2.1 U) and 15 µl of 10% (w/v) aqueous BSA were added to 20 µl of 0.05 M sodium phosphate buffer (pH 8.5). A 4.5 µl portion of a 2% (v/v) solution of glutaraldehyde was added to each solution and the combinations mixed well. A 5 µl aliquot of the resulting solutions was spread over the POs-EA film of the electrode. The membranes were allowed to form for half a day at room temperature. The completed enzyme electrodes were stored in a potassium phosphate buffer (pH 8.5, 0.1 M) at 4 -5˚C when not in use.
Apparatus and procedures
Cyclic voltammetric and amperometric experiments were performed with a Fuso electrochemical system (Model HECS-312B) connected to a Rikendenshi F-36 XY/t recorder. All measurements were carried out in a three-electrode system with an enzyme electrode, an Ag/AgCl/KCl reference electrode, and a platinum wire auxiliary electrode in a measuring cell thermostated at 25 ± 0.2˚C containing 5 ml of an optimum electrolyte solution.
For amperometric measurements, a three-electrode system was dipped into 5 ml of the same electrolyte solution stirred with a small magnetic stirring bar. The electrode was poised at +0.4 V vs. Ag/AgCl and the baseline current was allowed to decay to a steady-state value after about 5 min. Then, aldehyde samples were added from a microsyringe. A steady-state current was obtained within about 30 s.
Results and Discussion

Redox-polymer modified electrode
A polymer modified electrode was prepared as described in For amperometric experiments, +0.4 V vs. Ag/AgCl was chosen as the optimum applied potential in the detection of NADH to obtain a high sensitivity and to avoid the electrooxidation of NADH from the hydrodynamic voltammogram of NADH. At this potential, the anodic currents were linear over the concentration range of 1 × 10 -6 -1 × 10 -3 M NADH. The detection limit was 4 × 10 -7 M (S/N = 3).
Analytical properties of aldehyde biosensors
Aldehyde biosensors were constructed by cross-linking the FDH or ADH and BSA with glutaraldehyde on the surface of the redox polymer-coated electrode. The method described in the Experimental section was chosen as an optimum for the sensor preparation by considering their sensitivities and response times. The reactions that occurred in a hybrid membrane composed of Os polymer film and enzyme (FDH or ADH) film are shown schematically in Fig. 1 . The NADH produced enzymatically in the outer enzyme layer diffused into the inner polymer layer, and could be detected amperometrically at +0.4 V vs. Ag/AgCl. The signal current was proportional to the concentration of aldehydes.
Experiments were carried out to establish the optimum conditions for each of two aldehyde biosensors, especially for the pH, NAD + concentration in the electrolyte, and the temperature. For an FDH/Os-polymer modified electrode, sodium pyrophosphate buffers (0.1 M) at various pH values were tested as electrolyte. Because the maximum response was obtained at pH 9.0 -9.5, 0.1 M sodium pyrophosphate buffer at pH 9.0 was selected for subsequent work. In contrast, the optimum electrolyte for the ADH/Os-polymer electrode was 0.1 M potassium phosphate buffer at pH 8.0, because the potassium ion was required as an activator for the ADH-catalyzed reaction; the use of potassium phosphate buffer (pH 8.0) was increased by about three times in the sensor sensitivity compared to that of sodium phosphate buffer (pH 8.0) as an electrolyte. As the NAD + concentration in both electrolyte solutions was increased, the sensitivity of both electrodes was increased. The optimum NAD + concentrations were 5.0 mM and 1.0 mM for FDH/Os-polymer and ADH/Os-polymer electrodes, respectively, because the increase was slight at higher concentrations for both electrodes. The temperature also affected the sensitivity of both electrodes; when the temperature of the solution was elevated from room temperature to 37˚C, the sensitivities of both electrodes were increased by about 1.4 -1.7 times. However, at higher temperatures the enzyme activity of both electrodes decreased daily, and therefore the measurements were made at 25 ± 0.2˚C throughout this work.
Under such experimental conditions, the amperometric responses for a variety of aldehydes and some of their related compounds were recorded using both aldehyde sensors. As shown in Table 1 , both aldehyde sensors responded to a variety of aldehydes, but not to related alcohols and acids. However, both aldehyde sensors exhibited an obvious difference in the reaction selectivity for aldehydes; an FDH/Os-polymer electrode responded sensitively to formaldehyde and gave smaller signals for other aldehydes, while an ADH/Os-polymer electrode responded sensitively to longer chain aldehydes than formaldehyde, such as acetaldehyde, propionaldehyde, and butylaldehyde.
The analytical properties of both aldehyde sensors are summarized in Table 2 . The FDH/Os-polymer electrode responded linearly over the concentration range of 2 × 10 -6 -5 × 10 -4 M for formaldehyde; the slope, the current response intercept and the linear correlation coefficient were 19.9 µA mM -1 , -5.3 nA and 0.999 (n = 7), respectively. In contrast, the ADH/Os-polymer electrode responded linearly over the concentration range of 4 × 10 -6 -2 × 10 -4 M for acetaldehyde; the slope, the intercept and the linear correlation coefficient were 6.17 µA mM -1 , -0.2 nA and 0.998 (n = 7), respectively. The detection limit was 1.5 × 10 -6 M for formaldehyde at the FDH/Os-polymer electrode and 3.2 × 10 -6 M for acetaldehyde at the ADH/Os-polymer electrode, respectively, based on a signalto-noise ratio of 3. For both electrodes, the relative standard deviations for replicate measurements (n = 7) was 2.2 -2.7% for formaldehyde or an acetaldehyde concentration of 5 × 10 -5 M. The apparent Michaelis-Menten constant, (Km app ) and the maximum current density can be determined from the electrochemical Eadie-Hofstee form 21 The stability of both enzyme electrodes was evaluated. Under optimum storage conditions, the half-life period of the enzyme activity of both electrodes was about 25 days. Also, both electrodes were used repeatedly to confirm their stabilities; even after repetitive use (ca. 20 samples per day) for ten days, each electrode gave over 60 -70% of the original signals for formaldehyde and acetaldehyde.
The prepared aldehyde biosensors exhibited favorable sensitivities and rapid responses for aldehydes without the addition of a water-soluble mediator, because the inner redox Os-polymer film strongly binded to the GC electrode and effectively mediated as an non-diffusing catalytic site the electron transfer from NADH generated into the outer enzyme film to the GC electrode. The FDH/Os-polymer electrode responded sensitively to formaldehyde, while the ADH/Ospolymer electrode responded sensitively to acetaldehyde, though it was similarly responsive to long-chain aldehydes, such as propionaldehyde and butylaldehyde. These electrodes can be applied to the determination of formaldehyde and acetaldehyde, which are of great importance in the field of environmental and food analysis. Details of these will also be reported subsequently, together with the analytical results of different samples; e.g., formaldehyde in rain and in indoor air, and acetaldehyde in alcoholic beverages. 
